Abstract: We consider a typical indoor environment, where multiple light-emitting diode (LED) lamps are equipped, and each LED lamp is the base station of an optical cell. A faster-than-Nyquist signal design is presented for multiuser multicell (FTNMM) visible light communication (VLC) broadcasting systems, where all the transmitters transmit independently with a properly designed time delay to achieve multiple times spectral efficiency. The performance of FTNMM is analyzed in view of the minimum Euclidean distance of symbol sequence, and it is proved that the minimum Euclidean distance remains unchanged as transmitter number and symbol length increase. To reduce the complexity of the maximum-likelihood sequence estimation decoding algorithm, a convolutional code structure with dynamic weights and a fast iterative receiver for FTNMM are developed. Simulation results show that the proposed FTNMM obtains significant performance gains over currently available schemes.
Introduction
Visible light communication (VLC) based on white light-emitting diodes (LEDs) has emerged as an eco-friendly green technology using visible light spectrum in provision of wireless access, without affecting the LED's primary illumination function [1] . This advantage makes VLC technology and its spectrum resources attract lots of attention in both academia and industry [2] - [4] . In a typical indoor VLC environment, multiple LED lamps are equipped with a certain spatial distribution to satisfy lighting requirements and each LED lamp is the base station of an optical communication attocell [5] . Therefore, a practical indoor VLC system is a multi-user multi-cell system in general. Since each user terminal detects the optical intensity from multiple LEDs, inter-user or inter-cell interference arises, which may severely degrade the system performance [6] , [7] . Recently, many efforts have been made to eliminate or reduce the interference.
Although multiuser radio frequency (RF) communication systems have been extensively studied [8] , [9] , they cannot be directly applied to VLC systems owing to the difference between VLC and RF communication in both baseband signal characteristics and optical power constraints.
For VLC broadcasting systems, some channel coding techniques involving dirty paper coding (DPC), zero-forcing (ZF), transmitter precoding (TPC), and pseudo-inverse based ZF-TPC strategy are proposed to eliminate or minimize multi-user interference in [7] , [10] , and [11] .
One effective solution to the inter-cell interference problem is that all the LEDs work cooperatively and all the transmitted data symbols are preprocessed jointly. A new linear precoding scheme to reduce the interference with the objective of optimizing system performance for a given illumination level has been proposed in [12] , [13] . However, in this system, all the transmitters have to be coordinated by a backbone network, such as an optical link, an Ethernet link, or a power line communications (PLC) network [13] , [14] .
Another effective solution to solve the interference problem is orthogonal multiple access, such as time division multiple access (TDMA), frequency division multiple access (FDMA), code division multiple access (CDMA) and orthogonal frequency division multiple access (OFDMA), where users are allocated individual time, frequency or code resources [15] , [16] . Power domain multiple access, also known as the non-orthogonal multiple access, has been recently proposed as a promising candidate for fifth-generation (5G) wireless networks [17] and utilized for VLC to improve the system performance [18] .
In this paper, we will propose a signal design method to eliminate the inter-user or inter-cell interference based on the faster-than-Nyquist (FTN) technique [19] , which has been proposed as an alternative means to enhance the spectral efficiency without increasing the constellation cardinality. In the FTN signaling, a controlled amount of inter symbol interference (ISI) is deliberately introduced by transmitting pulses at rates greater than the Nyquist rate [20] , [21] . Moreover, the FTN broadcasting architecture is used to eliminate the need of joint encoding or the definition of auxiliary signals required in previous broadcast coding schemes [22] .
To sum up, the contribution of this paper can be summarized as follows. 1) An FTN signal model for multi-user multi-cell (FTNMM) VLC broadcasting systems is presented, where all the transmitters are transmitting signals simultaneously to achieve multiple times spectral efficiency.
2) The performance of FTNMM is analyzed in view of the minimum Euclidean distance of the symbol sequence. It is proved that the minimum Euclidean distance of FTNMM remains unchanged as the transmitter number and the symbol length increase. Therefore, all the transmitters can be viewed as independent transmissions. 3) To reduce the complexity of the maximum-likelihood sequence estimation (MLSE) decoding algorithm, a convolutional code structure with dynamic weights and a fast iterative receiver for FTNMM are developed.
System Model
We consider a typical indoor environment such as a family room, an office room or a conference room, as shown in Fig. 1 , where multiple LED lamps are equipped. The N LED lamps are placed at different locations with a certain spatial distribution to satisfy lighting requirements and each LED lamp is the base station of an optical cell [5] , [13] . There are M user terminals in total in the room, and only one receiver photodiode (PD) is installed for each user. Hence, we define it as a multi-user multi-cell multi-input-single-output (MM-MISO) system. In this MM-MISO system, N LED luminaries will cooperate to broadcast information to M users. We assume that the information symbols transmitted by different LEDs are independent of each other, and the intended information for every user may come from one, several, or even all the LED transmitters. The routing strategy of the information symbols to each user can be adjusted flexibly to satisfy different practical requirement. We assume an indoor environment with line of sight (LOS) characteristics, where the channel gain between the jth LED and the k th user receiver PD is given by [1] , [13] 
where is the detector's responsivity, A is the area of the receiver PD, n c is the refractive index, D k ;j is the distance between the jth LED and the k th user, m is related to the half power semiangle 1=2 via m ¼ ðÀln 2Þ=lnðcosð 1=2 ÞÞ, is the angle of irradiance, c is the receiver's field of view (FOV), is the angle of incidence, and T s ð Þ is the gain of an optical filter. Since the user terminals may receive light from multiple LEDs, the signals transmitted to a specific user will interfere with other users, and thus severely degrade the system performance. One effective method to solve this problem is the orthogonal multiple access, such as TDMA and FDMA. For example, in the TDMA system, all the LED transmitters are time synchronized and only one transmitter is active in any time slot to ensure the orthogonality, as shown in Fig. 2(a) . We assume that the linear distortions on the optical channel are compensated in the electrical domain ideally, and therefore, the receiving signal of the k th user can be described as follows: where P 1 is the average transmitting power, T is the symbol period, and n ðk Þ ðt Þ is the sum of ambient shot light noise and thermal noise with zero mean and a variance 2 [1] , [4] , [13] . x j;q is the qth transmitted symbol of the jth transmitter LED, Q is the transmitted symbols length of each LED. The symbols are drawn randomly and independently from a 2 1 -ary pulse amplitude modulation (PAM) constellation with an average energy E 1 ¼ ð2 1 À 1Þ=2. gðt Þ is a unit energy shaping pulse which is assumed to be time-limited as ½0; T and approximately band-limited as B Hertz. For simplicity, we assume gðt Þ is a rectangular pulse here.
In this paper, we will present an FTN signal design for multi-user multi-cell VLC systems to eliminate inter-cell interference, where all the transmitters transmit independently, as shown in Fig. 2(b) . Compared with the jth transmitter LED, the signal of the ðj þ 1Þth transmitter LED has a time delay of T =N, j ¼ 1; 2; . . . ; N À 1. Unlike the TDMA broadcasting system, where users can be served by some LEDs without interference by assigning certain time slot to certain user, in this system, every terminal user will receive mixed signals from multiple LEDs, and has to detect the intended data from them. Here, the receiving signal of the k th user can be described as follows:
where P 2 is the average transmitting power of each LED antenna, and ¼ ðj À 1Þ=N, j ¼ 1; 2; . . . ; N. y j;l is the lth transmitted symbol of the jth transmitter LED, and L is the transmitted symbols length of each LED. The symbols are drawn randomly and independently from a 2 2 -ary PAM constellation with an average energy E 2 ¼ ð2 2 À 1Þ=2. Since VLC is meant to provide lighting as well communication, it is important that modulation does not result in visible flicker. In the FTNMM system, the modulation of every LED is OOK or higher order PAM. Therefore, several flicker-mitigation methods like line codings used for the traditional VLC systems are still effective for FTNMM to ensure the balance of bits "1" and "0."
From Fig. 2 and (3), we can obtain that the time interval between two consecutive symbols is T =N, which is smaller than the minimum Nyquist interval T , and therefore, the proposed signal model is one kind of FTN.
From Fig. 2 , we can observe that the spectral efficiency of the TDMA system is 1 ¼ 1 (4) and for the FTNMM system, the corresponding spectral efficiency is
When L is sufficient large, 2 is approximately equal to N 2 .
Performance Analysis of FTNMM
In the FTNMM system, the intensity signals from N different LEDs are mixed together at the receiver side. If we let the sample interval be T =N, then the ith sampled symbol of the k th user at the receiver side can be expressed as
where
i ¼ 1; 2; . . . ; LN þ N À 1, and dÁe is the ceiling function.
From (6) , it can be seen that the ith received symbol r , and we define the minimal squared Euclidean distance as follows: 
Theorem 1
The detailed proof of Theorem 1 is postponed into Appendix. From Theorem 1, we would like to make the following remarks.
1) Although all the transmitters transmit independently and the signals are non-orthogonal in FTNMM, the minimal squared Euclidean distance remains unchanged for different numbers of transmitters. That is to say, all the transmitters can be viewed as independent transmissions in FTNMM to achieve N times spectral efficiency. 2) Since the sample interval is T =N, following the same way, we can obtain that the minimal squared Euclidean distance of TDMA system is NðP 1 =E 1 Þ 2 . 3) When the channels are not symmetric or the modulation order is higher than 2, it is difficult to present a general closed-form expression of M. But FTNMM will achieve similar performance under these scenarios, we will evaluate it by simulations. According to (4) , (5) and Theorem 1, we can compare the performance of TDMA and FTNMM under the same average power and spectral efficiency. To achieve the same spectral efficiency, we can obtain that 1 ¼ N 2 (9) and since each transmitter LED is active during one of the N points in TDMA system, to achieve the same average power, we can obtain that
Therefore, the gain achieved by FTNMM with respect to TDMA can be obtained as follows:
The gain achieved by FTNMM under different transmitter numbers and different modulation orders is listed in Table 1 and we can observe that the proposed signal design obtains higher gain as the transmitter number or the modulation order increases. However, when the transmitter number, the modulation order, or the transmitted symbols length increases, the complexity of MLSE decoding algorithm increases exponentially, and we will develop a fast iterative receiver for FTNMM in the next section.
Fast Iterative Receiver for FTNMM
From (6), we can observe that the first term in r ðk Þ i can be generated by a structure similar to convolutional codes. The convolutional structure can be realized by passing the N adjacent symbols through a linear N stages shift register. Only one of the N adjacent symbols in the ði þ 1Þth sampled instant changes comparing with those in the ith sampled instant. The changing symbol comes periodically from the first LED to the last LED. Comparing with traditional convolution codes, the main difference of our scheme is that each symbol has its weight which is the corresponding channel coefficient. Furthermore, the channel coefficient registers will shift as the symbol registers shift, and therefore, the FTNMM signal design can be seen as a convolutional code with dynamic weights.
We have developed a trellis diagram for FTNMM as shown in Fig. 3 , where the shift registers consist of N stages. At initial, all the shift registers are zeros. For example, at the ith sampled instant, i ¼ lN ð1 l LÞ, the N consecutive symbols in the shift registers are ½s N;lN ; s NÀ1;lNÀ1 ; . . . ; s 1;lNÀNþ1 , and corresponding channel coefficient registers are ½h Then at the ði þ 1Þth sampled instant, the input symbol is s 1;lNþ1 , and the shifted out symbol is s 1;lNÀNþ1 . However, the channel coefficient registers are cyclically shifted, and at the ði þ 1Þ-th sampled instant, its state is ½h By following the decoding steps of Viterbi algorithm (VA), we have developed a fast iterative decoding algorithm for FTNMM whose procedure is formally described in Algorithm 1. In the   TABLE 1 Gains achieved by FTNMM system compared with TDMA system Fig. 3 . Dynamic weights encoding convolutional code structure for FTNMM. modified VA, the trellis branch metric of selecting the surviving path is the minimum Euclidean distance. Now, we compare the decoding complexity of MLSE and the fast iterative algorithm we presented. When 2 2 -ary PAM is used, the transmitter number is N and the sequence length is L, MLSE decoding needs about 2 NL 2 comparisons to obtain the estimated sequence with the minimum Euclidean distance. However, for Algorithm 1, which we developed, since the transmitter structure is similar to that of convolutional codes, the N shift registers generates a trellis that has 2 Although the FTNMM scheme can thoroughly eliminate the inter-cell interference problem, it will induce more computation complexity. We can observe that the complexity of fast iterative receiver increases exponentially with the transmitter number N. When N is very large, FTNMM may be unacceptable because of the realistic hardware constraints of indoor user terminals. Then compare the partial metrics of all paths that merge at the state, survive the possible path and its metric. In the same token, there are 2 ðNÀ1Þ 2 surviving paths and 2 ðNÀ1Þ 2 metrics. 6: end while.
Simulation Results
In this section, we compare the average bit error rate (BER) of the FTNMM system with that of the TDMA system under different channel circumstances and modulation orders by simulations. We consider a system equipped with N ¼ 4 or N ¼ 5 transmitter LEDs that serves M ¼ 4 user terminals as shown in Fig. 1 . An ML receiver is used for the TDMA system and the fast iterative receiver we developed in this paper is used for FTNMM. For the purpose of fairness, the transmission optical power of TDMA is equal to the sum of that of all LEDs in FTNMM system and the spectral efficiency of both systems are bit/s/Hz.
The half power semi-angle of each LED is È 1=2 ¼ 60 . The receiver PD's responsivity is ¼ 0:30 A/W, and its area is A ¼ 1 cm 2 . The refractive index of optical concentrator is n c ¼ 1:5, the gain of the optical filter is T s ð Þ ¼ 1, and the receiver's FOV is 90° [13] .
The noise power is set as −10 dBm [3] , [4] , and the optical power P 1 ranges from 0 dBm to 50 dBm in the TDMA system; therefore, the optical SNR ranges from 10 dB to 60 dB. The optical power of each LED is P 2 ¼ P 1 =N for the FTNMM system. Table 2 . In Scenario 1, 2, or 3, the four users are located at four different locations, but the channel matrix is static.
Simulation for Symmetric Channels and Fixed Users
OOK modulation ( 2 ¼ 1, N ¼ 4) is used for the proposed FTNMM system and the corresponding spectral efficiency is 4 bit/s/Hz according to (5) . The modulation is 16-PAM ð 1 ¼ 4Þ for the TDMA system and the corresponding spectral efficiency is also 4 bit/s/Hz according to (4) . The average BER of the four users is calculated and Fig. 4 shows performance comparisons of FTNMM and TDMA system under the three scenarios. We can observe that the proposed FTNMM system significantly outperforms the orthogonal system about 8:5 dB, which is in accordance with the theoretical gain listed in Table 1 .
Simulations for Mobile Users
In the following, we assume that the user terminals are randomly moved across the receiver plane with N ¼ 4 or 5 LEDs, as shown in Fig. 1. If N ¼ 4 When users are moving, the channel gains are changing correspondingly and the channel matrix will be asymmetric in general. We will calculate the average BER of all users at all locations and then use it to measure transmission performance.
At first, OOK modulation ð 2 ¼ 1Þ is used for the proposed FTNMM system. When N ¼ 4, the modulation is chosen as 16-PAM ð 1 ¼ 4Þ for the TDMA system, so the corresponding spectral efficiency of the FTNMM and the TDMA systems both are 4 bit/s/Hz. When N ¼ 5, 32-PAM ð 1 ¼ 5Þ is chosen for the TDMA system, so the corresponding spectral efficiency of the two systems both are 5 bit/s/Hz. We simulate and compare the error performance of the two Then, 4-PAM modulation ð 2 ¼ 2Þ is used for the proposed FTNMM system. When N ¼ 4, the modulation is chosen as 256-PAM ð 1 ¼ 8Þ for the TDMA system and the corresponding spectral efficiency is 8 bit/s/Hz. When N ¼ 5, the modulation is chosen as 1024-PAM ð 1 ¼ 10Þ for the TDMA system and the corresponding spectral efficiency is 10 bit/s/Hz. We simulate and compare the error performance of the two systems for N ¼ 4 and N ¼ 5, respectively. Fig. 6 shows performance comparisons of FTNMM and TDMA systems when users are moved independently and randomly.
From Figs. 5 and 6, we can observe that the FTNMM system can achieve similar gain under asymmetric channels. Simulation results also verify that the proposed FTNMM system provides a substantial SNR gain confirmed with Table 1 .
Finally, we compare the error performance with FTNMM, TDMA and two other multiple access schemes which are specifically tailored to a typical VLC broadcasting network. One is the pseudo-inverse based zero-forcing transmit precoding (PIZF) strategy conceived for MU-MISO broadcasting systems considered in [11] , another is the optimal transmit precoding technique (OTPC) proposed in [7] . The spectral efficiency of all the four schemes are 4 bit/s/Hz. Fig. 7 shows performance comparisons of FTNMM, TDMA, PIZF and OTPC systems when users are moved independently and randomly. From Fig. 7 , we can observe that when the target BER is 10 À4 , 2.3 dB and 7.3 dB gain are obtained by FTNMM compared with OTPC and PIZF, respectively. In fact, the transmit precoding (TPC) matrix and the receiver coefficients are jointly optimized to reduce the inter-user interference as small as possible in the OTPC system, but the FTNMM scheme can thoroughly eliminate the interference problem with a MLSE receiver. Furthermore, OTPC needs full channel state information (CSI) at the transmitter side, but FTNMM does not. When SNR is high enough or BER is very low, the error performance of OTPC will surpass that of FTNMM due to CSI deploying at the transmitter side.
Conclusion
In this paper, we have proposed an FTN signal model for multi-user multi-cell VLC broadcasting systems to eliminate the inter-user or inter-cell interference. Compared with conventional orthogonal multiple access system like TDMA system, which cannot effectively exploit the system resource since only one user is active in one time slot, all the transmitters in the proposed FTNMM are transmitting signals simultaneously to achieve multiple times spectral efficiency. To reduce the complexity of the MLSE decoding algorithm, we have developed a convolutional code structure with dynamic weights and a fast iterative receiver for FTNMM. Simulation results show that the proposed FTNMM system obtains significant performance gains over the TDMA system. Since we assume that only one transmitter LED is turned on at a time in the TDMA system, it is conservative. In fact, more than one transmitters can be chosen to transmit simultaneously to realize spatial reuse, and the performance gap between the FTNMM system and the TDMA system will be smaller. Our current and future work include extending the performance analysis to general channels and designing a linear-complexity receiver. where e j;l 2 f0; AE1g, Above all, we can conclude that " M ! 2. Meanwhile, we can provide some typical error sequence which makes " M ¼ 2 as follows: AEðþ À 0 Á Á Á 0 |fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl} . This completes the proof of Theorem 1.
